Abstract Andosols are characterised by high organic matter (OM) content throughout the soil profile, which is mainly due to the stabilisation of soil organic matter (SOM) by mineral interactions. The aim of the study was to examine whether there were differences in the chemical composition of mineralassociated SOM and free OM in the top A horizon and in the subsoil (horizons below the A11 horizon). Our experimental approach included the replicated sampling of a fulvic and an umbic Andosol under pine and laurel forest located on the island of Tenerife with a Mediterranean sub-humid climate. We determined the extent of the organo-mineral interactions by comparing the sizes of the light (free) and heavy (dense) soil fractions obtained by physical separation through flotation in a liquid with a density of 1.9 gcm -3 . We determined the elemental and isotopic composition of both fractions and analysed their chemical composition by analytical pyrolysis. The elemental and isotopic composition showed similar values with depth despite the different vegetation and climatic conditions prevailing at the two sites. Carbon (C) stabilised by mineral interactions increased with depth and represented 80-90% of the total C in the lowest horizons. The heavy fractions mainly released Ncontaining compounds upon analytical pyrolysis, whereas lignin-derived and alkyl compounds were the principal pyrolysis products released from the light fractions of the top-and subsoil horizons. Principal component analysis showed that the chemical composition of OM stabilised by mineral interaction differs in the different horizons of the soil profile. In the A horizons, the chemical composition of this OM was similar to those of the light fractions, i.e. litter input.
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There was a gradual change in the bulk molecular composition from a higher contribution of plant-derived molecules in the light and heavy fractions of the A horizon to more microbialIntroduction Carbon (C) sequestration in soils is one important strategy to counteract increasing atmospheric CO 2 concentrations as it implies a transfer of atmospheric CO 2 into the long-living soil organic matter (SOM) pools (Houghton and Goodale 2004) . Three processes were introduced to explain C stabilisation in mineral soil (Sollins et al. 1996) : (1) chemical recalcitrance of specific organic matter (OM) compounds, (2) protection of OM in soil aggregates and (3) physicochemical protection through the adsorption of OM onto soil minerals. This general concept may be extended by factors affecting microbial decay such as water saturation, extreme acidity and soil burial. Although all these factors inhibit SOM degradation, interaction with soil minerals may be the most important process able to stabilise C for centuries or longer (Kögel-Knabner et al. 2008) . At present, we lack information about the C types stabilised by this process. Subsoils may be suitable models to study the composition of stabilised OM because in deep horizons, the interaction of organic C with soil minerals may result in the SOM being stabilised for centuries or millennia (Rumpel and Kögel-Knabner 2011) . One difficulty with regard to the study of C in mineral subsoil horizons are concentrations <1%, as found in most soil types of temperate and tropical climates. Andosols provide a unique opportunity to study OM stabilised in subsoil horizons because they accumulate high quantities of organic C (5-20% weight), estimated to be in the order of 25.4 kg m −2 in the upper 100 cm (Batjes 1996) .
Andosols cover 0.8% of the global land area, but store 5% of the world's C (Dahlgren et al. 2004) . The high C storage potential of Andosols may be related to their high content of allophane and amorphous Fe and Al oxides (Torn et al. 1997) , which form organic matter complexes that are only slowly degradable by the soil microflora. It has been shown that SOM protection in Andosols should be other than physical because OM within soil aggregates was found to be of microbial origin (Buurman et al. 2007) . Soil organic matter accumulation in Andosols seems to be related to extractable aluminium (Al 3+ ; Matus et al. 2006) . Its stabilisation in Andosols may be derived from the existence of short-range order minerals (allophane, imogolite and ferrihydrite) with considerable potential to form stable complexes with organic molecules (Shoji et al. 1993; Parfitt et al. 1997) . In addition, Andosols show a peculiar structure made up of highly stable microaggregates where SOC, as organo-mineral and organometallic complexes (Warkentin and Maeda 1980) , is protected from microbial mineralization by physicochemical processes. Recently, this protection mechanism was questioned and SOM protection related to the water saturation and anaerobic conditions in very fine pores (Buurman et al. 2007 ). For allophanic Andosols, which are considered as natural gels, a C sequestration mechanism related to the fractal structure of allophane aggregates was suggested (Chevallier et al. 2008 (Chevallier et al. , 2010 .
Most studies on the chemical composition of SOM in Andosols have focussed on the analysis of fractions obtained by alkaline extraction (del Río et al. 1996; Nierop et al. 2005; Buurman et al. 2007; González-Pérez et al. 2007) . In general, the results suggest that SOM in Andosols is enriched in carbohydrate-and chitin-derived compounds. When high aromaticity is found, it is usually related to charred plant remains from regular vegetation burning (Golchin et al. 1997) . The lack of lignin moieties and the non-aryl nature of SOM in Andosols are probably favoured by an active biosynthesis of secondary compounds by soil biota (fungi and arthropods; Nierop et al. 2005; Buurman et al. 2007) .
Using alkaline extraction procedures, it is not possible to distinguish between labile and stabilised OM. Physical fractionation of organic matter by size and/or density may be more appropriate for the separation of plant-derived 'free' OM and OM in interaction with the mineral phase (Turchenek and Oades 1979) . Plant residues can be separated as particulate organic matter by flotation in density solutions or water, and organo-mineral complexes can be recovered in the heavy fraction (Spycher and Young 1977) . Light and heavy fractions may present the extreme points of the decomposition continuum, and the characterisation of their chemical composition thus helps elucidate the changes occurring during microbial decay and stabilisation in different soil types (Grandy et al. 2007 ). For aerobic topsoils, a decomposition sequence has been postulated. According to this theory, the pathways of molecular C transformations in topsoil horizons lead to the accumulation of microbial-derived compounds in organo-mineral associations and similar chemical composition regardless of the soil type (Grandy and Neff 2008) . At present, it is unknown whether this concept applies to OM in subsoil horizons, which are characterised by different processes concerning OM input and transformations compared with topsoils (Rumpel and Kögel-Knabner 2011) .
In this study, two forest Andosols from the island of Tenerife (Canary Islands, Spain) were analysed. Samples were taken from all soil horizons and density fractionated into a light fraction containing free particulate OM and a heavy fraction containing mineral-bound OM. The chemical composition of the OM of these samples was characterised by analytical pyrolysis. The aim of our study was to compare the chemical composition of both OM fractions in top-and subsoil horizons in order to obtain information on the origin of OM stabilised by mineral interactions.
Material and methods

Sampling sites and soils
Andosols are well represented in the Canary Islands and are usually distributed between 700-and 1,500-m altitude within the influence area of alisio trade winds. This area has a thermo-Mediterranean mesophytic sub-humid bioclimate (Rivas-Martínez et al. 1993 ) with annual precipitation ranging between 500 and 900 mm, a mean annual temperature between 14°C and 16°C and a potential evapotranspiration of 750-800 mm year −1 . These condi-tions favour the udic soil moisture regime and thermic soil temperature regime. The classification of the studied soils was done following the FAO system (IUSS Working Group WRB 2007). For this study, two representative soils with andic properties were selected. 'Ravelo' is a Fulvic Andosol (Ultic Fulvudand) located in a reforested area with Monterrey pine (Pinus radiata D. Don). 'Las Lajas' is an Umbric Andosol (Ultic Hapludand) under endemic humid subtropical laurel forest (Laurisilva; González-Pérez et al. 2007 ). Both sites have a fire history. General parameters of both soils are presented in Table 1 . Three horizons (A11, A12 and B) of the two soils were sampled. Samples were taken in triplicate from the different sides of the soil profile. Fraction separation and other analyses were performed on air-dried fine earth (<2 mm).
Density fractionation
Density fractionation was carried out with a potassium polytungstate solution with a density of 1.9 gcm -3 (Basile- Doelsch et al. 2007 ). Briefly, 2-5 g of soil was mixed with 20 mL of polytungstate. The soil suspension was centrifuged at 10×g for 10 min. The supernatant was removed by filtration and the procedure repeated two to five times until complete recovery of the light fraction. Afterwards, polytungstate was removed by washing with distilled water, and the two fractions were freeze-dried and ground for further analysis.
Elemental analysis
Organic C and N contents were determined by dry combustion using a CHN auto-analyser (CHN NA 1500, Carlo Erba) coupled to an isotopic ratio mass spectrometer (VG Sira 10), yielding the ratio of stable OC isotopes (δ 13 C). Stable N isotope ratios (δ 15 N) were determined with a CHN analyser coupled with an Isochrom III isotopic ratio mass spectrometer (Micromass-GVI Optima). The results for isotope abundance are reported in per mil (‰) relative to the Pee Dee Belemnite standard and relative to air N 2 for δ 13 C and δ 15 N, respectively. Accuracy of the elemental analysis was ±0.1 mg g −1 for OC and ±0.05 mg g −1 for N content. Accuracy of isotope measurements was ±0.3‰.
14 C activity The 14 C concentrations of the soil samples were measured at the Leibniz-Labor (University of Kiel) using accelerator mass spectrometry (AMS). For these measurements, CO 2 was obtained from solid samples by combustion at 900°C. The CO 2 was reduced to graphite which was subsequently analysed by accelerated mass spectrometry (Nadeau et al. 1998) . The 14 C activity was corrected for isotopic fractionation and the radiocarbon age reported according to Stuiver and Polach (1977) . The AMS measurements are typically reproducible at 0.3 pMC (per cent modern carbon).
Analytical pyrolysis
Pyrolysis was performed using a double-shot pyrolyzer (Frontier Laboratories, model 2020) attached to a GC/MS system Agilent 6890N. Samples (5-8 mg) in a crucible capsule were placed in the micro-oven at an initial temperature of 100°C that was increased at a rate of 20°C min −1 to a final pyrolysis temperature of 500°C for 1 min. The temperature programme allowed for the removal of all volatile compounds through thermosorption before pyrolysis. The GC was equipped with a fused silica capillary column DB5 MS (J&W Scientific, 30-m×250-μm×0.25-μm film thickness); oven temperature was held at 50°C for 1 min and then increased up to 100°C at 30°C min
, from 100°C to 300°C at 10°C min −1 and isothermal at 300°C for 10 min using a heating rate of 20°C min −1 in the scan modus. The carrier gas used was helium with a controlled flow of 1 mL min −1 . The detector consisted of an Agilent 5973 mass-selective detector, and mass spectra were acquired with a 70-eV ionizing energy. The identification of individual compounds was carried out using single-ion monitoring for different homologous series, low-resolution mass spectrometry and comparison with published and stored data (NIST and Wiley libraries). The peak areas were calculated based on total abundance, considering the summation of the areas of all peaks as 100% of the total ion chromatogram (TIC). Peaks with over 1% total area were considered.
Statistical analysis
Principal component analysis (PCA) with 14 samples and 155 variables was performed after transforming the data using the Hellinger transform to circumvent problems associated with the Euclidean distances when the data matrices contain many zeros (Legendre and Gallagher 2001) . Multivariate analysis was performed with 'Vegan: Community Ecology Package' (Oksanen et al. 2006) in R version 2.9.0 (R Development Core Team 2009).
Results and discussion
Elemental and isotopic content
Carbon content ranged from 120-200 gkg −1 in the A11
horizons to 16-30 gkg −1 in the Bw horizons (Table 2) .
Nitrogen (N) contents ranged from 1.7 to 14 gkg −1 , leading to C/N ratios between 10 and 16 ( Table 2) . The values, especially in subsoil horizons, are much higher compared with other mineral soil types (Batjes 1996) and illustrate the capacity of Andosols to store high amounts of C. With increasing soil depth, the stable C and N isotope signatures became enriched in 13 C and 15 N, and in both soils, the 14 C activity of SOM decreased from modern in the top A horizon to 75 and 78 pMC in the lowest soil horizon, corresponding to a radiocarbon age of around 2000 years BP (Table 2) . Enrichment in stable C and N isotopes of SOM with increasing soil depth is observed in most studies and is often related to the fact that SOM in subsoil horizons is in general more transformed and enriched in strongly degraded plant material and/or microbial-derived compounds (e.g. Högberg 1997; Boström et al. 2007 ). This is corroborated by the low C/N ratios (Table 2) . However, the changes of the stable C isotope signature with depth have also been related to the chemical composition of SOM, which depends on soil-inherent stabilisation mechanisms (Krull and Skjemstad 2003) . The depth trends of 15 N may be strongly controlled by ectomycorrhizal fungi activity, which was found to lead to a significant enrichment in 15 N (Lindahl et al. 2007 ). However, whereas ectomycorrhizae may be present in pine forest, its occurrence in laurel forest is less evident as the aromatic oil produced by laurel may inhibit mycorrhizae growth (Hassiotis and Dina 2011) . Considering the very similar changes with depth occurring for both soils, the 15 N enrichment with depth may be best explained by turnover and accretion of 15 N-enriched microbial compounds (Huygens et al. 2008 ).
Density fractionation
Density fractionation was carried out to isolate SOM present as plant residues from SOM bound to soil minerals. The C content of the light fractions ranged in most cases between 20% and 30% (Table 3 ). These C contents were relatively low compared with those found by other authors for light fractions (e.g. Sollins et al. 1983 Sollins et al. , 2009 ) and could be due to the use of SPT with a density of 1.9 gcm −3 , which might mean that the fraction included some inorganic material. Densities used in other studies to separate the light fraction from volcanic material ranged between 1.35 and 1.7 gcm −3 (Huygens et al. 2005 (Huygens et al. , 2008 ; Sollins et al. Prior et al. 2007) . In this study, a density of 1.9 gcm -3 was chosen because we wanted to be sure to remove all light materials and thus tolerated a higher amount of minerals present in this fraction. However, we consider the fraction >1.9 gcm -3 to contain mostly OM not associated with soil minerals (Basile-Doelsch et al. 2007 ). The carbon contents of the dense fractions were strongly reduced and decreased with depth in both soils (Table 3) . Nitrogen followed a similar trend. The resulting C/N ratios ranged between 8 and 51 and were higher for the light fractions than for the heavy ones ( Table 3) , showing that higher amounts of relatively undecomposed plant material were contributing to these fractions. The much lower C/N ratio of SOM in the heavy fractions is in line with the protection of organic N by soil minerals against microbial decay (Nannipieri and Paul 2009 ). The unusually high C/N ratio of the light fractions from the B horizons may be explained by the N limitation of the system, where Ncontaining compounds are the first to be transformed by the soil microflora. In the top A horizon of both soils, much higher proportions of C and N were found in the light fractions compared with the heavy ones, which contained the mineral-bound SOM. In fact, the light fraction contributed 65-80% of SOM in the top A horizon (Table 3 and Fig. 1 ). High contribution of the light fraction to the total C in A horizons of volcanic soils was also found by other authors ). This proportion very much decreased with increasing soil depth, and the contribution of SOM in the heavy fractions increased to more than 90% in the deeper B horizon. A similar decrease of particulate organic matter contribution with increasing soil depth was recorded for Andosols ) as well as for other soil types (Kaiser et al. 2002; Jagadamma and Lal 2010) . This may be explained by the fact that SOM in the subsoil is intimately associated with soil minerals and that fresh C input in the form of root material is scattered ). Therefore, in subsoil horizons, organic matter transported by water or bioturbation may represent a higher proportion of the total input and may thus be more important as a precursor of stabilised SOM than particulate root material (Kaiser and Guggenberger 2000) . In Andosols, physical transport of colloidal Fe/Al-humus complexes in deep soil horizons was found to be an important process increasing SOM (Osher et al. 2003) . The association of SOM with the mineral phase has implications for the degree of stabilisation of SOM as measured by radiocarbon activity: a strong correlation between the 14 C activity of bulk soil and the amount of C associated with the dense fractions was found for both soils (r 2 =0.95, Fig. 2 ). Such a correlation is in line with the results from other authors, suggesting that the heavy fraction contains larger proportions of passive SOM (Prior et al. 2007 ). It has been stated that interaction with the mineral phase is the only SOM stabilisation mechanism which can lead to century-old or more stable C (Kögel-Knabner et al. 2008) . In Andosols, which are regarded as natural gels (Chevallier et al. 2008) , stabilisation by the formation of aggregates may be the dominant process even in subsoil horizons.
Analytical pyrolysis
Analytical pyrolysis was carried out for the light fractions of A11 and A12 horizons, containing plant material. Unfortunately, the recovery of light fractions from B Table 4 horizons was insufficient to realise this analysis. Additionally, the heavy fractions containing organo-mineral complexes have been examined. One representative pyrogram for each of the two fractions is presented in Fig. 3 . The identified pyrolysis products derived from lignin, polysaccharides, aliphatic and N-containing compounds are presented in Table 4 . The light fraction pyrogram contained more pyrolysis products than the pyrogram of the heavy fractions (Fig. 3) . Heavy fractions of the subsoil horizons had the highest relative contribution of N-containing pyrolysis products, whilst the highest contribution of unspecific compounds was found in the light fraction of the topsoil horizon (Fig. 4) . Lignin-derived pyrolysis products were found in higher proportions in the light fractions compared with the heavy fractions (Fig. 4) . The nature of lignin-derived pyrolysis products recovered from the two soils differed (data not shown). The pyrograms of the Andosol under pine forest contained syringyl-type methoxy phenols, which are typical pyrolysis products of angiosperm lignin. In the pyrograms of the Andosol under laurel forest, additionally, vanillyl-type di-methoxy phenols, characteristic for gymnosperm lignin, were present. Polysaccharide-derived pyrolysis products contributed similarly to both density fractions from the top-and subsoil horizons. Black C-derived compounds, such as naphthalene and methyl-naphthalene, were most enriched in the heavy fraction of subsoil horizons. Analytical pyrolysis presents several advantages (i.e. multiple molecular information, small sample amount required), but also has drawbacks because special techniques of data exploitation are needed to treat the huge amount of data generated by this method. Moreover, several authors report artefacts due to the presence of soil minerals, which lead to new formation of pyrolysis products due to catalytic action and the retention of pyrolysis products (Zegouagh et al. 2004 ). The influence of soil minerals may be reduced in our case because Andosols are rich in organic C. The problem of exploitation of a huge data set was solved by applying statistical techniques specially adapted to this kind of data see "Material and methods") . PCA showed that there were clear differences in the composition of the organic matter in the heavy and light fractions (Fig. 5) . The heavy and light fractions were separated along the first axis (representing 33% of the total variability in the data) of the ordination plot. The PC loadings indicated that the difference was primarily due to a higher relative abundance of a number of N-containing pyrolysis products and compounds indicative of the presence of black C in the heavy fractions and relatively more molecules derived from lignin and alkyl compounds in the light fractions (Fig. 4) . Although the origin of N-containing compounds is not entirely clear, a large part may be derived from chitin in soil fungi and micro/mesofauna (Stankiewicz et al. 1996) and also from amino acids and proteins (Bracewell and Robertson 1984; Chiavari and Galletti 1992; van Bergen et al. 1998) . There were also differences among horizons. In the light fractions, these were visible along the second ordination axis, which accounted for 24% of the total variability in the data. The separation was due principally to relatively more N-containing pyrolysis products in the A12 horizon and more alkyl, lignin-derived compounds or compounds of unspecific origin in the A11 horizons. Among the heavy fractions, the A11 horizon was separated from the A12 and B horizons. This indicates differences in the chemical composition of the OM present in close association with soil minerals (heavy fractions) in the top-and subsoil horizons despite a similar chemical composition of plant litter input (light fractions). The differences were visible along both ordination axes, but the reasons for the separation were less clear-cut. There were N-containing pyrolysis products in each horizon as well as compounds indicative of black C, alkyl and polysaccharide compounds (Fig 4) . The good separation of A11 and A12/B horizons despite similar chemical compounds in these horizons might be explained by contrasting C inputs and the different nature and intensity of stabilisation processes in the subsoil horizons compared with the topsoil. Such a hypothesis is supported by the observation that the biotic conditions in terms of root growth, microbial activity, community composition and faunal activity are reduced in the subsoil compared with the A horizons (Fang and Moncrieff 2005; Taylor et al. 2002; Wilkinson et al. 2009 ). Root litter and/or root exudates most likely contribute more to the SOM stored in subsoil horizons as well as water-transported colloidal material or dissolved organic matter (Rumpel and Kögel-Knabner 2011) . On the other hand, our results indicate that at the two sites, stable black C compounds produced by fire may have been subject to vertical transport either with water flow or bioturbation (Forbes et al. 2006 ) and accumulate in subsoil horizons, thus changing their pyrolysis signature. Moreover, the degree of stabilisation in terms of adsorption to the mineral phase or inclusion into the fractal matrix of Andosols must be considered. In topsoil, such a stabilisation might not be as strong as in subsoil horizons and might have affected less C compounds. Therefore, OM of the heavy fraction from subsoil may yield other products compared with those from topsoil upon pyrolysis. The enrichment of N-containing compounds in the pyrograms of heavy fractions from A horizons was also found by Grandy and Neff (2008) who stated that lignin exerts little influence on more stable mineral-associated matter, which is mainly composed of microbially processed OM rather than plant-derived compounds. These authors suggested that the molecular dynamics of SOM in topsoil follows a decomposition sequence from plant litter to organo-mineral complexes, which contain microbialderived material. Similar results were found in a pyrolysis study with density fractions of A horizons of two Andosols of different ages (80-10,000 years; Prior et al. 2007 ). These authors showed a shift from lignin-derived SOM to more polysaccharide-derived OM with increasing age. The results from our study suggest that for subsoil horizons, additional processes could influence the decomposition sequence. Moreover, because of the long mean residence times of SOM in subsoils, OM of the heavy fraction might have been subject to a more important ageing process than in topsoils.
Conclusion
The characterisation of the molecular composition of SOM in light and dense fractions isolated from the top-and subsoil horizons of two Andosols showed that mineralbound SOM in the heavy fractions of A horizons and all light fractions, containing mostly fresh plant material, have a similar composition. As indicated by elemental analysis, SOM of heavy fractions in subsoils is enriched in N and has a contrasting molecular composition. Pyrograms of the heavy fraction of subsoil horizons show a decreased relative contribution of alkyl compounds and ligninderived compounds and increased contribution of black Cderived compounds compared with those of topsoils. Nitrogen-containing compounds are the most important ones in heavy fractions of subsoil horizons. Principal component analysis suggests that the OM composition of light fractions and heavy fractions does not show abrupt changes, but shows a gradual change from a higher contribution of plant litter in both density fractions of the topsoil horizon to more microbial-derived OM and extremely stable OM compounds like black C in the stabilised mineral-associated OM of subsoils. It is not clear whether these changes are related to a different origin (in situ formation or input of transported material) or a result of an in situ ageing process. Recently, it has been shown that different OM pools react differently upon climate change (von Lützow and Kögel-Knabner 2009) . How these changes affect the fate of OM in mineral association within the A horizon and deeper in the soil profile is still unknown.
